We describe a series of measurements of the vibrational modes of the reed in a reed organ pipe. These measurements were performed using a Polytec PSV-300 scanning vibrometer, which allows the vibrational deflection shape to be determined at any frequency. In addition to blowing the reed pipe in a standard fashion, a mechanical driver was used to excite the reed. Using both excitation sources, a number of deflection shapes were observed including simple cantilever, torsional, and higher-order shapes corresponding to higher-order cantilever and torsional modes. As expected, the observed frequencies of the mechanically driven modes were not integer multiples of the fundamental, and were consistent with theoretical predictions. The reed pipe was also excited in a standard manner using an organ blower. This raised integer multiples of the fundamental frequency as high as 20 kHz within two decades of the velocity amplitude of the fundamental. Torsional and other deflection shapes were present, however nonlinear interactions in the system caused them to be shifted from their mechanically driven frequencies. In some cases, significant vibration was observed in the tuning wire and the section of reed above the tuning wire that was previously considered to be clamped.
As with most musical instruments, the majority of the development of the pipe organ has taken place without detailed understanding of the underlying physics. Organ builders have used empirically determined scaling laws, intuition, and trial and error, to produce the array of pipes that can be found in organs. A reed (or lingual) pipe shown in Figure 1 uses a mechanical reed as the primary oscillation mechanism, similar to other reed instruments such as the clarinet. The tuning wire places pressure on the reed to keep the upper portion in contact with the shallot; adjusting this wire changes the vibrating length of the reed. The organ reed pipe is relatively unique among wind instruments in that characteristics of the reed, such as thickness and vibrating length, are the most important factors in determining the frequency of the pipe. In contrast to other wind instruments, with no changes in 1 the acoustical resonator, the fundamental frequency of the reed pipe can be varied continuously over 2 a wide range of frequencies by varying the length of the vibrating section of the reed. One reason for studying reed organ pipes is that the blowing method used is nearly identical to the method used in an actual instrument.
In the past, qualitative measurements have been made with an emphasis on measuring acoustic spectra. In recent years, the field has been revolutionized by the use of laser vibrometers to measure 2 the motion of the reed itself. A vibrometer detects the velocity of a moving object by measuring the 34 Doppler shift of reflected light. The velocity can be integrated and differentiated, either electronically or in post-processing, to determine the displacement and acceleration of the reed. A number of studies have used this technique to produce detailed quantitative measurements of several different pipes as well as pipes without resonators. The reed was excited either by plucking the reed with a 56 guitar pick and measuring the damped oscillations, or by blowing on the pipe using a blower such as would be used in a pipe organ. In the plucked reed measurements, the reed frequency was determined by measuring the spacing between the peaks of the decaying sine wave. Detailed measurements were made of the position and velocity waveforms that resulted from systematic adjustments of the vibrating section of the reed, for both plucked and blown reeds.
One feature observed in both the acoustical spectra and the vibrometer studies is that all the harmonics are integer multiples of the fundamental (except in some cases where there may also be subharmonics that appear at regular intervals between the harmonics). A sample of both an acoustic and vibrometer spectrum can be found in Figures 3a and 3b . In most wind instruments, the origin of integral harmonics is standing waves in the resonator, which reinforce only specific frequencies. Feedback from the resonator does play a role in a reed pipe; however, it cannot be the primary 6 source of integer harmonics. By changing only the tuning wire position, the fundamental frequency can be varied nearly continuously over a range of about two octaves, and the harmonics are always integer multiples of the fundamental. Since the resonator is unchanged, it cannot be responsible for creating these harmonics.
Another possible mechanism is harmonics of the vibrating reed. Treating the reed as a simple cantilever clamped at one end with length L, thickness h, Young's Modulus Y, and density D, theory predicts anharmonic vibrational frequencies of 1, 7 Also expected are torsional modes. The frequency of the lowest torsional mode of a reed of width w and Poisson's ratio v would be 1, 7 It is clear that higher vibrational modes of the reed will not lead to integer multiples of the fundamental.
Most researchers have assumed that the integer multiples are the result of the asymmetry of the reed striking the shallot. Since the shallot stops oscillations of the reed in one direction, the displacement of a spot on the reed looks roughly like a rectified sine wave. A Fourier series predicts 3 harmonics that would be integer multiples of the fundamental. As shown below, our recent measurements indicate that contact between the reed and shallot cannot be the sole mechanism.
Our goal in this experiment was to study the types of vibrational modes of the vibrating reed and its interaction with the shallot and air. To perform the measurements, we had access to a Polytec PSV-300 scanning laser vibrometer for five days. A scanning vibrometer uses an optical system to 8 deflect the laser vibrometer beam to different points on the surface. The amplitude and phase of displacement and velocity were measured for numerous points on the vibrating reed surface. The integrated software displays 3-d representations of the deflection shape of the surface. These were the first measurements of an organ reed with a scanning vibrometer, and the resulting measurements of reed vibrational modes have been quite surprising.
To measure the vibration of the reed when it was blown in the conventional manner, the apparatus shown in Figure 2a was used; this is similar to the apparatus used in previous studies. The pipe was through the window to measure the deflection of the reed.
To directly measure the natural frequencies of the reed and its interaction with air, we used a mechanical method of driving the pipe shown in Figure 2b . A mechanical shaker was placed in 9 direct contact with the shallot. When a chirp sinusoidal driving force was applied by the shaker to the back of the shallot, it caused a small oscillation (<<1:m) of the shallot. When the driver was at a resonance frequency of the reed, the reed would undergo a larger amplitude oscillation than when not at resonance. The shaker and organ pipe were mounted inside a bell jar that could be evacuated using a roughing pump. The pressure inside of the vacuum system was set to a value between atmospheric pressure and a vacuum. The advantage of this approach is that the vibrational modes of the reed could be studied in isolation from all air, or from the airflow in a air-driven pipe.
During this short five-day run, we investigated several reed pipes using both techniques described above, namely blowing a reed pipe blown in a conventional manner in the apparatus in Figure 2a , and the mechanically driven technique with the apparatus shown in Figure 2b . In both mechanically driven and airflow-driven techniques, the scanning vibrometer allowed the motion of hundreds of points on the surface of the reed to be measured. Figure 3a shows the acoustical spectrum measured with a microphone 40 cm from the pipe. This spectrum, with harmonics nearly integer multiples of the fundamental, is similar to published spectra of reed pipes. Figure 3b shows the velocity spectrum averaged over the entire reed surface. As 2 discussed above, this spectrum also has an integer-multiple relationship between the harmonics. 3, 5, 6 Beyond about the seventh harmonic, the spectral response was relatively flat to 20 kHz. Figures 3c and 3d were taken using the apparatus shown in Figure 2b . The mechanical driver was driven using a periodic chirp waveform. Figure 3c was obtained when the bell jar was evacuated to less than 5mTorr, whereas Figure 3d was obtained with the bell jar at atmospheric pressure.
The tremendous advantage of the scanning vibrometer over the single point vibrometer used in previous studies is the ability to quickly measure and display operating deflection shapes for each harmonic. For studies of the blown pipe, such as the plot shown in Figure 3b , the reference signal used to fix the phase was the microphone. For the mechanically driven pipe, the reference signal was the voltage actually sent to the shaker. The amplitude and phase of the reed were determined, and the results were plotted as oscillating 3-d surfaces. Figure 4 shows the deflection shapes for several peaks of Figure 3b and 3c. Animations of the deflection shape for every harmonic in Figure 3 are available online. The (m,n) notation for the modes is described in Figure 5 .
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There are several surprises in Figures 3 & 4 . The first is the major difference between Figure 3b for the blown pipe, with its very uniform series of harmonics, and Figure 3c , which has fewer lines, some of which are not integer multiples of the fundamental. The truly striking feature, however, is the complicated vibrational shapes shown in Figure 4 . No previous study of reed pipes had used a scanning vibrometer. Thus, these types of torsional or higher order modes had never been observed. In particular, Figures 4d & 4h clearly show that the entire reed, including the tuning wire and the reed section between the tuning wire and the wedge, are in motion (for this harmonic, the amplitude of displacement of the tuning wire and section just above the tuning wire was about 30% of the amplitude of the end of the reed, and for all of the lower harmonics these regions have a displacement less than 2% of the end). These behaviors were a complete surprise, as it was assumed that the reed undergoes only lowest-order cantilever vibration and the tuning wire would firmly clamp the reed to the shallot. The fundamental frequency of the blown pipe is significantly higher 6 than the frequency of the mechanically driven pipe. This is consistent with previous studies that 3 found a shift between plucked and blown frequencies; the most likely explanation is an amplitudedependent shift in frequencies due to the curved reed. 6 The spectrum of Figure 3c for a pipe driven in vacuum and the deflection shapes in Figures 4e-4h are relatively consistent with theory for a simple cantilever clamped at one end. Theoretical predictions and previous experimental measurements indicate that a cantilever has only certain 1,7 11 discrete, non-harmonically related frequencies. Since there is no air damping, it is expected that the measured deflection shapes will be relatively close to the theoretical modal shapes. Using the measured dimensions of the 8.5 mm vibrating section of the brass reed, the frequencies of oscillation according to Eq. 1 would be 0.70 kHz and 4.4 kHz for the (0,0) and (0,1) modes. These are in relatively good agreement with the measured frequencies of 726 Hz and 4.54 kHz for the peaks in the spectrum of the mechanically driven pipe in Figure 3c that have these deflection shapes. The somewhat higher measured frequency is likely due to a shorter effective vibrational length since the free end of the reed is round instead of square; previous studies also indicated that the effective 6 vibrating length of the reed was shorter than the distance from the tuning wire to the end of the reed. Using L=12mm, the distance from the wedge to the end of the reed, results in a frequency of the Entire (0,2) mode of 6.1 kHz, again in reasonable agreement with broad measured peak at 6.5 kHz. The # to 4.6 cm, shallot 5.6 mm in diameter, reed with a round end and a vibrating length of 8.5 mm): (a) the acoustical spectrum measured using a microphone, (b) the average velocity spectrum measured for pipe blown in a standard manner, (c) velocity spectrum of mechanically driven pipe in vacuum, and (d) same mechanically driven pipe at atmospheric pressure.
5 Entire (0,1) mode is not resolvable as it occurs at roughly the same frequency as the 3 harmonic of the rd Entire fundamental. The (0,0) mode had a frequency that was below the frequency of the high-pass filter used during data acquisition. Also expected are torsional modes. From equation 2, the frequency of the lowest torsional mode would be 2.47 kHz, which is in reasonable agreement with the measured 1,12 frequency of 2.95 kHz, particularly considering the circular end of the reed.
In Figure 3c , there are some small amplitude harmonics that are at integer multiples of the fundamental. Since there is no air in the system, these must be due to purely mechanical interactions between the curved reed and shallot. However, Figure 3d shows that when the reed had the same amplitude vibration at atmospheric pressure, the amplitude of these integer multiple harmonics increases greatly. This indicates that interactions between the air and reed play a much more important role in producing these integer multiple harmonics than previously thought.
The most interesting results come from the pipe that was blown in a standard fashion. Figure 3b shows that when the pipe was blown in a standard manner, all harmonics were integer multiples of the fundamental. This is consistent with previous studies. The operating deflection shapes of the 3, 5, 6 harmonics of the blown pipe appear to be complicated superpositions of the modes of the mechanically driven pipe shown in 4e-4h. A few of the shapes of the blown pipe are nearly pure 6 versions of the driven modes: the 4 harmonic at 3.26 kHz was primarily the (1,0) torsional mode, th the 5 harmonic at 4.08 kHz was primarily the (0,1) 2 order mode, and the 8 harmonic at 6.52 kHz th nd th Entire was primarily the (0,2) mode of the entire reed. Figure 4 shows these deflection shapes on the static printed page -they may also be viewed as animations.
These results raise questions about the prevailing hypothesis about the origin of the integermultiple harmonics, namely that these are due to mechanical interactions between the reed and shallot leading to a Fourier series similar to a rectified sine wave. If the harmonics are only due to mechanical interactions, there should be no change between spectra in Figure 3c , where the pipe is driven in vacuum, and Figure 3d , where it is driven with the same amplitude in air. Instead, with the addition of air to the system, there is a large increase in these harmonics. Thus, air-reed interactions must play a partial role in the origin of these harmonics. A Fourier series decomposition of a rectified sine wave deflection of the reed does not naturally predict the torsional and higher-order cantilever shapes observed in Figure 4a -d. A Fourier series would trivially predict that all harmonics would Entire have a simple cantilever shape. Of special interest, the observation of the mode (0,2) indicates that modes are present in the acoustical spectrum where the tuning wire and the entire reed surface are in motion; there are additional harmonics beyond the 8 harmonic that also show significant th deflection of the entire reed and tuning wire. The deflection shapes and modes shown are not an anomaly of this particular pipe, as similar behavior was observed in several pipes.
In summary, we have shown that the vibrational deflection shapes of the reed in an organ pipe are significantly more complicated than previously expected. Modes are present that exhibit higher order cantilever and torsion. Observation of motion of the entire reed, including sections of reed above the tuning wire, was a surprising result. Further study is warranted with a scanning vibrometer to better understand the origin of the integer harmonics that are observed in the acoustical spectra of the reed pipe; the cause of these harmonics is likely due to effects other than just mechanical interactions between the reed and shallot. One final important question involves the acoustical implications of the complicated vibrational modes -can this information be used to either produce pipes that exhibit different tonal characteristics, or to understand the techniques that organ builders have used to develop their instruments. 
